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Two-dimensional (2D) molybdenum disulfide (MoS2) has attracted significant 
attention because of its outstanding properties, suitable for application in several 
critical technologies like; solar cells, photocatalysis, lithium-ion batteries, 
nanoelectronics, and electrocatalysis. Similar to graphene and other 2D materials, the 
physical and chemical properties of MoS2 can be tuned by the chemical 
functionalization and defects. In this investigation, our objective is to explore the 
mechanical properties of single-layer MoS2 functionalized by the hydrogen atoms. We 
moreover analyze the effects of different types of defects on the mechanical response 
of MoS2 at the room temperature. To investigate these systems, we conducted 
reactive molecular dynamics simulations using the ReaxFF forcefield. We 
demonstrate that an increase in the hydrogen adatoms or defects contents 
significantly affects the critical mechanical characteristics of MoS2; elastic modulus, 
tensile strength, stretchability and failure behavior. Our reactive molecular dynamics 
results provide useful information concerning the mechanical response of 
hydrogenated and defective MoS2 and the design of nanodevices.  
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1. Introduction 
Transition metal dichalcogenides (TMD) are an emerging family of two dimensional 
(2D) materials that exhibit outstanding photoelectronic, thermal and mechanical 
properties. These attractive 2D nanostructures can be fabricated from bulk TMD 
structures by a top-down exfoliation approach 1, or they might be directly 
synthesized by a bottom-up technique such as molecular beam epitaxy 2 or chemical 
vapour deposition (CVD) 3. Among the members of the TMD family, molybdenum 
disulphide (MoS2) 
4,5 can be considered as the forefront material 6, which has proven 
to yield very promising properties for diverse applications such as; solar cells, 
photocatalysis, lithium-ion batteries, nanoelectronics and electrocatalysis 5–11. It is 
worthwhile to note its similarly to its counterpart graphene 12,13; indeed bulk MoS2 for 
several centuries has been also widely used as a lubricant 14. An exciting fact about 
the MoS2 and other members of TMD family is the polymorphism nature. In this 
regard, MoS2 can exist in three different structural phases of 2H, 1T and 1T’ 
15,16, 
with contrasting electronic properties. The 2H phase of MoS2 is its most stable 
structure, which is a well-known semiconductor, whereas the 1T configuration 
exhibits metallic electronic character. Interestingly, while a bulk MoS2 structure 
shows an indirect band-gap, when it converts to a monolayer presents a direct band-
gap semiconducting response, which is highly desirable for the application in 
nanoelectronics 4,17,18. MoS2 nanomembranes can show remarkable thermal stability 
and mechanical characteristics 19–22 with the elastic response comparable to that of 
the graphene 23,24.  
The electronic and optical properties of mono/multi-layer MoS2 can be further tuned 
through applying the mechanical strains 25,26. Similar to graphene, chemical 
functionalization is also another very promising route for the engineering of the 
properties of MoS2 nanomembranes 
27–29. Among different adatoms, hydrogenation of 
MoS2 has been realized to efficiently tune its electronic and magnetic properties 
30–32. 
Experimentally synthesized 2H-MoS2 nanomembranes are not completely perfect with 
only hexagonal atomic arrangements and the existence of different types of defects 
and atomic impurities are almost inevitable. According to the experimental 
observations, CVD grown MoS2 nanosheets contain a wide variety of dislocation 
cores along the grain boundaries, such as; pentagon-heptagon, tetragon-tetragon, 
tetragon-hexagon, tetragon-octagon, and hexagon-octagon rings 33,34. MoS2 
nanomembranes also show different types of points defects depending on the 
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configuration of missing or substituting atoms, which have been experimentally 
realized by Zhou et al. 35. Defects are among the most critical factors that can affect 
the mechanical properties of engineering materials and may easily lead to the 
structural failure 36–42. In the case of 2D materials, defects can substantially alter the 
electronic, optical, chemical, thermal conduction and mechanical properties. Since 
the fabrication of defect-free materials is extremely challenging, they are commonly 
considered as an inevitable part of the material in the engineering designs. This way, 
studying the influence of defects on the various material properties has been a highly 
relevant research topic. On the other side, the possibility of tuning the properties of 
these materials through the control of type and population of defects is of great 
technological importance. While hydrogenated and defective MoS2 have been focus of 
numerous experimental studies, only few first-principles and molecular dynamics 
studies are available concerning the mechanical properties of these systems 43–45. 
Effect of point defects on the mechanical properties of MoS2 have been studied using 
molecular dynamics simulations via various interatomic potentials 45–49. However, in 
the previous studies only one or two defect types were considered, with more 
emphasis on S or Mo atoms vacancies 48,50. The role of cracks with different 
orientations and the corresponding crack propagation mechanism have been 
investigated previously 51,52. Effects of grain boundaries on the mechanical strength of 
MoS2 has been also explored 
47,53. Despite of available theoretical and modelling 
efforts, a comprehensive study with respect to the effects of different point defect 
types that have been experimentally observed in MoS2 has not been accomplished. 
Recently, the basal plane of MoS2 nanosheet has been recognized as a promising non-
precious catalyst for the hydrogen evolution reaction. Contrary to the first principle 
simulations 54,55 which commonly suits small scale simulations and neglect the 
thermal effects, MD simulations using ReaxFF reactive potential can provide 
fundamental insight into the role of hydrogen-adsorption on the stability and 
strength of MoS2 catalysts. Thus, analysis of key mechanical properties of MoS2 as a 
function of various coverage of hydrogen atoms and different defects contents play 
critical roles for the design of nanodevices exploiting the MoS2 nanomembranes. In 
this work we performed systematic reactive molecular dynamics uniaxial tensile 
simulations to understand the mechanical responses of defective and hydrogenated 
MoS2 nanosheets. 
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2. Molecular dynamics simulations  
In the present investigation, mechanical responses of defective and hydrogenated 
MoS2 were explored by performing uniaxial tensile simulations using the LAMMPS 
56 
package. OVITO software was also used to illustrate the atomistic structures 57. We 
employed a recently developed ReaxFF 58 bond order potential for studying atomic-
scale interactions of MoS2+H systems. ReaxFF potentials have been applied to a 
wide range of systems, which allows the reactivity and describing the bond formation 
and breakage as well 59–62. As discussed in our previous studies, the proposed ReaxFF 
by Ostadhossein et al. 58 yields accurate predictions for the mechanical properties 24 
and thermal conductivity 63 of defect-free MoS2.  
 
 
Fig. 1- Top and side views of pristine and hydrogenated single-layered 2H MoS2. 
 
For the evaluating the mechanical properties, we constructed an original atomistic 
model of pristine 2H-MoS2 including 8280 individual atoms in a simulation box size 
with planar dimensions of 25 nm × 9.5 nm. To simulate MoS2 sheets and not the 
nanoribbons, we applied periodic boundary condition in both planar directions. The 
time increment of all simulations was fixed at 0.25 fs. First, we conducted an energy 
minimization step using the conjugate gradient approach with termination criteria of 
10-6 kcal/mol and 10-6 kcal/(mol.Å) for energy and force, respectively. Before applying 
the uniaxial tensile loading conditions, the structures were relaxed and equilibrated 
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at the room temperature to ensure no residual stresses in the systems by performing 
the Nosé-Hoover barostat and thermostat (NPT) simulations with damping 
parameters of 62.5 fs and 625 fs for temperature and pressure, respectively.  
 
 
Fig. 2, Points defects in CVD grown MoS2 as realized experimentally by Zhou et al. 
35; monosulfur 
vacancy (VS), disulfur vacancy (VS2), vacancy complex of Mo and connecting three sulfur (VMoS3), 
vacancy complex of Mo and connecting three disulfur pairs (VMoS6), and Mo atom substituting a S2 
pair column (MoS2) or a S2 column substituting a Mo atom (S2Mo).  
 
In order to apply the uniaxial loading condition, first, the periodic box size along the 
loading direction was increased at every simulation time step by a constant 
engineering strain rate of 1×109 s-1. To satisfy the uniaxial loading (stress) condition, 
stress along the two other directions perpendicular of the loading direction should 
remain negligible during the entire deformation process. Since the atoms are in 
contact with vacuum along the sheet normal direction, the stress along this direction 
is negligible. We therefore used NPT method to justify the periodic simulation box 
along the sample width to reach zero stress also in this direction and thus to 
accurately ensure uniaxial stress conditions. The Virial stresses at every simulation 
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time step were calculated and averaged during every 250 fs intervals to report stress-
strain curves. In the evaluation of stress values, the thickness of single-layer MoS2 
was assumed to be 6.1 Å based on the concept of bending rigidity 58. For the fully 
hydrogenated MoS2 (MoS2H2), the thickness was considered to be 8.9 Å, on the basis 
of thickness of pristine MoS2 plus two H-S bond lengths (H-S bond length ≈1.4 Å 
30). 
The thickness of MoS2 nanomembranes with various coverage of hydrogen atoms 
were calculated according to the content of hydrogen atoms (H%) as follows: 
6.1+H%×2×1.4 (Å). 
The atomic structure of pristine MoS2 with 2H phase is illustrated in Fig. 1, which 
shows a hexagonal lattice with atomic stacking sequence of ABA. The fully 
hydrogenated MoS2 is also depicted in Fig. 1. According to the experimental 
observations by Zhou et al. 35, points defects in 2H-MoS2 nanomembranes include 6 
major configurations; monosulfur vacancy (VS), disulfur vacancy (VS2), vacancy 
complex of Mo and connecting three sulfur (VMoS3), vacancy complex of Mo and 
connecting three disulfur pairs (VMoS6), and Mo atom substituting a S2 pair column 
(MoS2) or a S2 column substituting a Mo atom (S2Mo). These 6 major defect types are 
illustrated in Fig. 2. 
 
 
Fig. 3, Uniaxial stress-strain response of MoS2 with different coverages of hydrogen atoms at the room 
temperature. 
3. Results and discussions 
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The acquired stress-strain responses for defect-free and hydrogenated MoS2 
monolayers are shown in Fig. 3. For all structures, the stress-strain curves show 
initial linear relations which correspond to the elastic modulus. For the pristine 
MoS2, after ending this first initial response a yield point is observable, after which 
the stress-strain curve exhibits an unusual and noisy pattern. As it was studied in 
our previous investigation 24, the pristine MoS2 structure starts to undergo a phase 
transformation after this yield point. This phase transformation includes irreversible 
bond formations between S atoms on the same column, which helps the structure to 
flow easier along the loading direction. Fig. 4 compares the atomic structure of MoS2 
for pristine and fully hydrogenated samples at strain levels close to the rupture 
point. For fully hydrogenated MoS2, S atoms almost keep their relative position with 
respect to Mo atoms, whereas pristine MoS2 undergoes a transition by folding the S-
Mo bond and forming S-S dimerization. Such a S-S dimerization can be explained by 
the bond-distance/ bond-order cut-off of S atoms in the ReaxFF potential. 
Interestingly, by increasing the hydrogen atoms content, the strain range associated 
with the phase-transformation decreases considerably and finally for the fully 
hydrogenated sample (MoS2H2) this initial yield point completely vanishes. This way, 
unusual and noisy stress patterns observable after the initial yield point in stress-
strain curve corresponds to phase transition which occurs gradually during uniaxial 
loading. This shows that surface hydrogenation leads to the embrittlement of MoS2 
through preventing the S-S bond formation.  
 
 
Fig. 4, Side views of pristine and fully hydrogenated MoS2 (a and c) at stress-free condition and (b 
and d) before rupture at the tensile strength point. S-S dimerization is observable only in the case of 
pristine MoS2. 
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The predicted results for mechanical properties of hydrogenated MoS2 as a function 
of hydrogen atoms coverage are summarized in Fig. 5. As shown in Fig. 5a, by 
increasing the hydrogen atoms content the elastic modulus initially decreases by less 
than 1% and later after the 5% concentration of hydrogen atoms almost linearly 
increases. Nonetheless, for the hydrogen content of around 80%, a plateau in the 
elastic modulus can be seen, in which further increasing of hydrogen atoms only 
slightly enhance the elastic modulus. On the other side, the acquired results shown in 
Fig. 5b suggests that by increasing the hydrogen atoms concentration, the tensile 
strength initially drops sharply and later for the coverage of around 40% this drop 
reaches a plateau. Hydrogen adsorption therefore chemically weakens the Mo-S 
bonds in MoS2 nanosheets and leads to the decrease of maximum tensile strength up 
to the 40% coverage of hydrogen atoms. In this case, the tensile strength of 
hydrogenated MoS2 almost remains constant for the hydrogen contents in a range 
between 40-80%. Notably, the fully hydrogenated MoS2 yields a higher tensile 
strength in comparison with the sample with 40% concentration of hydrogen atoms. 
Beyond the 80% coverage of hydrogen atoms, incorporation of further hydrogen 
atoms create a higher symmetry states, reducing the stress concentrations and finally 
resulting in a more uniform stress redistribution and enhancement of MoS2 tensile 
strength.  
 
Fig. 5, Reactive molecular dynamics results for the elastic modulus (E), tensile strength (TS) 
and strain at failure (ɛFailure) of single-layer MoS2 as a function of hydrogen atoms 
concentration at room temperature.  
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 Fig. 6, Deformation process of single-layer MoS2 with different content of hydrogen atoms at 
various uniaxial tensile strains (ε). Mo and S atoms are hidden and hydrogen atoms are depicted with 
exaggerated sizes, in order to better distinguish them. The contour illustrates the shear strain profile 
plotted using OVITO package [46]. 
 
To better understand the underlying mechanism with respect to the effects of 
hydrogen atoms on the failure process, in Fig. 6 shear strain contours for sample 
with various contents of hydrogen atoms and at different stain levels are compared. 
We remind that stretching of pristine MoS2 monolayer beyond the yield point 
decreases the normal distance between sulfur atoms from the top (Stop) and bottom 
(Stop), leading to the consecutive covalent bonding of Sbot-Stop. S-S dimerizations result 
in shear strain localization, which are distinguishable by highlighted regions in Fig. 6 
results. As it was discussed earlier, by increasing the hydrogen content, less phase 
transformation occur and such that rupture follow a path through zones with higher 
concentration of hydrogen atoms. This way, in the pristine and fully hydrogenated 
MoS2 sheets cracking occur along almost straight lines perpendicular of the loading 
direction. In another word, symmetrical nature of pristine and fully hydrogenated 
MoS2 sheets need more stresses for initiation of rupture, as in these cases the shear 
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strain localization and subsequent stress concentrations cannot contribute to the 
failure. For the strain at failure point, our results depicted in Fig. 5c reveals a 
considerable decreasing trend by increasing the hydrogen atoms coverage. This 
observation can be also explained by the results illustrated in Fig. 6, in which total 
elongation at failure points reduce by increasing the hydrogen atoms coverage and 
formation of S-H covalent bonds. The formation of H-S bonds prevent the S-S 
dimerization and subsequently suppress the plastic deformation. This finding 
suggests that hydrogen atoms convert the deformation mechanism of MoS2 from 
ductile to brittle in which the stretchability of fully hydrogenated MoS2 is almost 
one-fifth of that of the pristine MoS2 monolayer. 
 
 
Fig. 7, Predicted uniaxial stress-strain response of MoS2 with different concentration of VMoS6 defects. 
 
We next shift our attention to analyze the mechanical response of defective MoS2. In 
Fig. 7 the predicted stress-strain responses for defective MoS2 with different 
concentrations of VMoS6 defects are illustrated. As expected, by increasing the defects 
concentration both the elastic modulus and tensile strength decrease. The 
suppression of elastic modulus is basically because of the decrease in the structure's 
rigidity as a result of bond removals. The decline in the tensile strength is originally 
due to the increase in the stress concentrations throughout the sample, which makes 
the rupture of the structure easier. For the VMoS6 defect, by increasing the defect 
concentration, the strain at failure also decreases. Nevertheless, as it is clear yet the 
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failure response is within the ductile range without a sharp rupture occurring after 
the initial elastic response, associated with S-S dimerization. By increasing the 
defects concentration, the strain at which the yield point occurs decreases, which 
consequently implies that the defects in the structure promote the phase 
transformation and corresponding S-S bonds formation.   
 
 
Fig. 8, Predicted elastic modulus (E), tensile strength (TS) and strain at failure (ɛFailure) of single-layer 
MoS2 as a function of defects concentration.  
 
The essential mechanical properties of defective MoS2 as a function of different 
defects concentration are compared in Fig. 8. By increasing the defects 
concentrations the elastic modulus drops. Interestingly the elastic modulus shows the 
maximum senility for the structures with atomic substitutions rather than those with 
vacancies. The elastic modulus of single-layer MoS2 with disulfur vacancies (VS2 
defect) decreases negligibly by increasing the defect concentration. With respect to 
the tensile strength, all defective structures show the declined performances in 
comparison with the pristine MoS2. In this case, the sample with S2 column 
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substituting a Mo atom (S2Mo defect) indicates the maximum decrease in the tensile 
strength. The strain at failure for the defective MoS2 structures also decreases by 
increasing the defects concentration, with an exception observable the case of 
monosulfur vacancy (VS defect) which exhibits an increasing trend.  
 
Fig. 9, Deformation process of single-layer MoS2 with different types of point defects at various 
uniaxial tensile strains (ε). (b) shows zoomed view of defective MoS2 with 0.1% content of VMoS6 
defects at ε=0.2213, which confirms high shear strains around the formed crack tips. (c) illustrates top 
and side zoomed views of defective MoS2 with 2% content of VS defects at ε=0.2504, revealing the 
pivot-like behaviour in this system. Contours illustrate shear strain values. 
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In order to provide better insight with respect to the tensile responses of defective 
MoS2, we analyzed the deformation process of these structures on the basis of shear 
strain contours in Fig. 9. In accordance with the results shown in Fig. 6, the 
highlighted areas with higher shear strain are associated with regions of phase 
transitions. Fig. 9a illustrates shear strain contours for MoS2 sheet with 0.1% 
concentration of VMoS6 defect type, which only includes three voids on the studied 
sheet. Interestingly, higher shear strains are observable around these defects, 
originated from stress concentrations existing around defects. To better understand 
this phenomena, Fig. 9b provides close look around two original point defects at the 
rupture strain, which clearly reveals that around the tip of propagating cracks due to 
the stress concentration the shear strains are maximum. In Fig. 9a we also studied 
the deformation process of two other MoS2 nanosheets with different contents of 
VMoS6 defects. In these cases around the original defects higher shear strains are 
clearly observable. These observations further confirm the remarkable role that the 
defects play in inducing stress concentrations, initiating the phase transformation 
and finally leading to the failure of the structure. The results shown in Fig. 9a show 
that by increasing the defects content shear strain field becomes more non-uniform 
which subsequently causes earlier initiation of rupture in the sample.  
The obtained results shown in Fig. 8 illustrate an anomalous trend for MoS2 
monolayer with Vs defects, in which in contrast with other types of defects, strain at 
failure increases by increasing the Vs defects content. To better understand the 
mechanisms responsible for such an unexpected trend, we studied the tensile 
deformation of MoS2 sheets with different concentration of Vs defects in Fig. 9a. As it 
can be seen in the a zoomed view of Fig. 9c, lacking of single S atoms in the lattice 
results in the change in the deformation process such that the straining of S atoms in 
the absence of other S pairs act like pivots. These MoS2 units can fold easily and 
form Mo-S-Mo planar atomic configurations. Such pivot-like behaviors can explain 
the enhanced stretchability of MoS2 nanosheets with Vs defects. We remind that as it 
was examined in our earlier work 24, S-S dimerizations are persistent upon the 
unloading of the MoS2 structures which reveals the plastic deformation. Both the 
vacancy and substation defects in the MoS2 lattice promote this phase-transformation 
at lower strain values and accordingly decrease the yield stress and its corresponding 
strain as well. This observation is also supported by the results shown in Fig. 9. 
Comparing to the presented results in Figs. 6 and 9, reveal lower density of regions 
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with high shear strains in the hydrogenated MoS2 in comparison with pristine and 
defective specimens, which highlights the impact of H-S bonds in embrittlement of 
the MoS2 nanosheets." 
4. Concluding remarks 
We conducted ReaxFF based reactive molecular dynamics simulations to investigate 
the mechanical properties of defective and hydrogenated single-layer MoS2. We 
studied the effects of randomly distributed hydrogen atoms and point defects 
(including both the atomic vacancies and substitutions) on the single-layer MoS2 
mechanical and failure response. For the pristine MoS2, the stress-strain response 
exhibits an initial linear response followed by a yield point, after which the stress-
strain curve shows a noisy pattern due to the S-S dimerizations and corresponding 
phase transformation. By increasing the hydrogen atoms content to 5% the elastic 
modulus initially decreases by around 2% and later almost linearly increases up to 
the 80% concentration of hydrogen atom, in which a plateau in the elastic modulus 
was observed. It was found that the hydrogen atoms adsorption weakens the Mo-S 
bonds in the MoS2 nanosheets and thus decreases the maximum tensile strength up 
to the 80% coverage of hydrogen atoms. The fully hydrogenated MoS2 nevertheless 
was found to yield a higher tensile strength in comparison with the sample with a 
lower concentration of hydrogen atoms because of providing more uniform load 
transfer conditions and suppression of stress-concentration. It was found that the H-S 
bonds prevent the S-S dimerization in the hydrogenated MoS2, and therefore by 
increasing the hydrogen atoms coverage the stretchability decreases and MoS2 failure 
mechanism change from ductile to completely brittle for the fully hydrogenated 
MoS2. According to our atomistic results, it was predicted that by increasing the 
defects concentration the elastic modulus and tensile strength drop. Interestingly, the 
decline in the elastic modulus was found to be more considerable for the MoS2 
samples with atomic substitutions rather than those with vacancies. The 
stretchability of MoS2 was predicted to generally decrease by increasing the defects 
concentration and only for the structures with mono sulfur vacancy the stretchability 
was observed to slightly enhance.   
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